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Abstract: We experimentally characterize a fiber-based ring resonator constructed from two
commercially available 2x2 polarization-maintaining directional couplers. This ring resonator
has a maximum noise suppression of 25 dB and resonant transmission of 80% at 1550 nm. Its
high transmission means this ring resonator is ideally suited for the spectral filtering of master
oscillator power amplifier light sources in a robust, compact, and all-fiber package. The limits
of such a ring resonator for use in gravitational-wave detectors are discussed, and we show
how it could be used to filter the low-power amplifier section and reduce the noise suppression
requirements for the final free-space mode-cleaner.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
High power lasers that simultaneously possess high spatial stability and low noise are required in
numerous applications including lidar [1], optical communications [2–4], trapped ion quantum
computing [5,6] and advanced gravitational-wave (GW) detection [7]. Fiber lasers are particularly
well suited to these tasks as they inherently deliver single mode emission from a compact and
robust source, while minimizing the need for complex alignment procedures [8]. The maximum
power that can be emitted from a single frequency fiber-based laser is only a few hundred
milliwatts [9]. For applications requiring higher power, a low power master laser can be amplified
by a series of increasingly powerful laser amplifiers, i.e., a master oscillator power amplifier
(MOPA) configuration [10]. In this situation, amplified spectral emission (ASE) noise can
significantly degrade the spectral quality of the output.
Advanced GW detectors place extremely stringent requirements on the spectral purity of high
power light sources. Traditionally, light for GW detectors has been provided by bulk lasers, with
severe filtering needed to meet the exacting demands of high spatial mode stability, as well as
low intensity noise (170 dBc) at key frequencies in the radio-frequency (RF) band from 10 to
100MHz [11]. This filtering is currently provided by passive Fabry-Perot (F-P) ring cavities (see
Fig. 1(a)(i)) at the end of the amplifier chain [12]. The move towards fiber laser sources has
already relaxed the spatial filtering requirements significantly [13]. The RF noise suppression
requirements of the final mode-cleaner could similarly be relaxed if the noise on the MOPAs were
reduced by including a series of spectral filters situated between each stage of the amplification
chain (see Fig. 1(b)) [14]. Such filters would prevent spectral noise on the output of low power
stages being amplified, thereby reducing the intensity noise on the amplified output.
In this paper we thoroughly experimentally characterise an efficient fiber-based filter that could
be conveniently placed between MOPA stages to greatly reduce the RF noise of the output at
key GW detection frequencies. This will allow for the reduction of the required finesse and
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Research Article Vol. 2, No. 8 / 15 August 2019 / OSA Continuum 2488hence circulating power of the filter cavity placed between the laser output and the s spended
interferometer. The mode-cleaner, created with two commercially available directional couplers
(DCs - Fig. 1(a)(ii)) demonstrated 25 dB of noise suppression while transmitting 80% of the
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Fig. 1. (a) Operation of (i) a three-mirror Fabry-Perot mode-cleaner and (ii) an equivalent
all-fiber ring resonator made from two directional couplers (ports numbered). (b) Illustration
of chaining MOPA systems with optical filtering occurring after each step to remove ASE
noise.
2. All-Fibre Spectral Filters
Many forms of fiber-based resonators have been investigated previously due to their desirable
properties. For instance, all-fiber resonators can be produced from fiber Bragg gratings
(FBGs) [16, 17]. However, the linear geometry of a FBG-based resonator intrinsically generates
significant back reflections, and it is therefore not desirable for use them in a chain without the
introduction of additional components and, therefore, complexity.
An alternative method is a fiber ring resonator, where a single DC is used to form a fiber loop.
A combination of fiber and DCs have been used to produce notch filters, narrow-band fiber
ring lasers, frequency selective devices and rotation sensors [18–21]. These approaches are not
suitable, however, for suppressing broad spectral noise, such as that produced by ASE.
An extension of the single DC ring resonator is to join two DC together to form a circulating
loop [22, 23]. This is equivalent to a three-mirror free-space mode-cleaner, with separate input,
reflection and transmission ports, as shown in Fig. 1(a)(ii). The ring geometry of this type
of resonator has the advantage of inherent isolation, which protects proceeding stages from
destabilising and sometimes dangerous back-reflections. It is also convenient for active frequency
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interferometer. The mode-cleaner, created with two commercially available directional couplers
(DCs - Fig. 1(a)(ii)) demonstrated 25 dB of noise suppression while transmi ting 80% of th
incid n light on reson , the rst time such a ring resonat r has provided over 50% efficie cy.
2. All-fibre sp ctral filters
Many forms of fiber-based resonators have been investigated previously due to their desirable
properties. For instance, all-fiber resonators can be produced from fiber Bragg gratings (FBGs)
[15,16]. However, the linear geometry of a FBG-based resonator intrinsically generates significant
back reflections, and it is therefore not desirable to use them in a chain without the introduction
of additional components and, therefore, complexity.
An alternative method is a fiber ring resonator, where a single DC is used to form a fiber
loop. A combination of fiber and DCs have been used to produce notch filters, narrow-band fiber
ring lasers, frequency selective devices and rotation sensors [17–20]. These approaches are not
suitable, however, for suppressing broad spectral noise, such as that produced by ASE.
An extension of the single DC ring resonator is to join two DCs together to form a circulating
loop [21,22]. This is equivalent to a three-mirror free-space mode-cleaner, with separate input,
reflection and transmission ports, as shown in Fig. 1(a)(ii). The ring geometry of this type
of resonator has the advantage of inherent isolation, which protects proceeding stages from
destabilising and sometimes dangerous back-reflections. It is also convenient for active frequency
stabilisation via the reflection port, removing the need for additional fiber elements such as
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isolators, circulators or polarization optics. This type of ring resonator has previously been used
for spectral filtering [23] and optical frequency comb decimation [24], but the greater than 50%
losses achieved to date [24] make these resonators highly undesirable for spectral filtering of
amplifier chains, where high transmission is of critical importance.
3. Experimental details and characterisation
To form our high-transmission resonator, we spliced together two commercially available
polarization-maintaining, 10 µm core diameter, 90:10 fiber DCs (Newport F-PMC-1550-10),
creating a ring resonator of length 2.7m. Before splicing, we characterised the reflectivity of the
DCs, finding R = 0.90 ± 0.02. We used an arc splicer (Fujikura FSM-100P) to join the fibres,
with a measured upperbound on the splice loss of 0.01 dB. Port 1 of DC 1 acts as the input to the
ring resonator (Fig. 1(a)(ii)), with light injected into this port transferred to Ports 3 (90%) and 4
(10%) of DC1, which act as the reflected and intra-cavity ports of the ring resonator respectively.
Light emitted from Port 4 of DC1 will continue to Port 4 of DC2, which is mostly coupled into
Port 2 (90%) of DC2, where it continues back to Port 2 of DC1. This completes the loop and sets
the resonant condition for constructive interference. Port 1 of DC2 acts as the analogue of the
transmitted port of the free-space resonator.
The intensity of light exiting the reflected port (3 of DC1) and transmitted ports (1 of DC2)
can be expressed as [25]:
Ireflected =
R(1 −V)2 + 4RV sin2(kp)




(1 − RV)2 + 4RV sin2(kp)
(2)
where R and V are the average reflectivity and efficiency (i.e., V = Iout/Iin = 1 − loss) of
each DC including splice loss, p is the perimeter of the fiber loop and k = 2π/λ is the wave
number of the incident light inside the fiber. The finesse, F , relates to reflectivity and loss as




































Fig. 2. (a) Transmitted (blue) and reflected (red) intensity of the laser as its frequency is
scanned, showing a maximum transmission of 81% through the ring resonator and a finesse
of 22. P2 refers to the second polarization mode passing through the ring resonator. (b)
Close up on a single resonance peak. From fitting to the data using Eqs. 1 and 2 with no
other free parameters, a value of V = 0.987 is extracted. Points correspond to data and
dashed lines correspond to a fit with Eqs. 1 and 2, with the intensity normalised to maximum
reflection.
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We experimentally characterize the important properties of the ring resonator - namely peak
transmission, full-width-at-half-maximum (FWHM), and free spectral range (FSR) - by scanning
the piezo-electric transducer of a 1560 nm single-frequency fiber laser (NKT Photonics Koheras
BASIK) across resonance. The results obtained are shown in Fig. 2, with the scan range of
the laser calibrated by sending the laser output to a wave-meter. We measure an on-resonance
transmission of 81%, FWHM of 3 MHz and FSR of 66 MHz, giving a finesse of 22. A fit of this
data to Eqs. 1 and 2 with R = 0.9 allowed us to determine a DC efficiency ofV = 0.987 (i.e.,





















































Fig. 3. (a) Experimental apparatus for characterising the noise suppression properties of the
ring resonator. DC =Directional coupler; FC-AOM=Fiber-coupled acousto-optic modulator;
FC-EOM = Fiber-coupled electro-optic modulator; PID = Proportional-Integral-Derivative
controller; LPF = low-pass filter; WN = White noise; PD = Photo diode; BN = Beat note;
50:50 = Non-polarizing fiber beam splitter. (b) Noise spectra of the laser before (blue) and
after (red) transmission through the ring resonator centred about the 55MHz beat frequency.
The 10MHz peaks are a result of the locking modulation. Dark noise (black) and residual
amplitude modulation (green) are also shown. (c) Suppression through the ring resonator
calculated from experimental data (blue), and from Eq. 2 withV = 0.987 (red).
i . 3. ( ) ri ental apparatus for characterising the noise suppression prop rties of
the ring res nator. C = Directional coupler; FC-AOM = Fiber- pled acousto-optic
modulator; FC-EOM = Fiber-coupled electro-optic modulator; PID = Proportional-Integral-
Derivative controller; LPF = low-pass filter; WN =White noise; PD = Photo diod ; BN =
Beat note; 50:50 = Non-polarizing fiber beam splitter. (b) Noise spectra of the laser before
(blue) and after (red) transmission through the ring resonator centred about the 55MHz beat
frequency. Th 10MHz p aks are a result of the locking modulation. D r noise (black)
and resi ual amplitude modulation (green) are also shown. (c) Suppression throu h the ring
resonator calculated from experimental data (blue), and from Eq. 2 withV = 0.987 (red).
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seen previously in other fiber ring resonators [26], by using polarization-maintaining couplers we
maintain the input polarization mode of the light as it propagates around the loop. This ensures
that very little power will be transferred to the orthogonal polarization mode (P2 in Fig. 2(a),
28:1 suppression ratio), improving output power stability.
We verified the spectral noise suppression properties of this ring resonator using the experimen-
tal set-up illustrated in Fig. 3(a). A fiber-coupled electro-optic modulator (EOM) was inserted at
the output of the laser to add white noise to our laser signal with a bandwidth of 60MHz. The
noise on the incident and transmitted laser signals was measured by mixing the laser with a local
oscillator, shifted 55MHz from the carrier by an acousto-optic modulator (AOM). The beat note
was monitored using an RF spectrum analyser. To stabilize the laser to the ring resonator during
these measurements we also added 10MHz phase modulation side-bands onto the light with
the EOM. We then mixed down the signal received at the reflection port with another 10 MHz
source, phase-locked to the first, followed by low-pass filtering (Fig. 3(a)). This allowed us to
use the Pound-Drever-Hall technique [27] to stabilize the laser wavelength to the ring resonator
via a Proportional-Integral-Derivative controller (New Focus B1005) to the laser’s piezo-electric
transducer.
Figure 3(b) shows the noise spectrum of the laser before (blue) and after (red) being transmitted
through the fiber ring resonator centred about the 55MHz beat frequency. The dark noise of
the photodetector (black) and the residual amplitude modulation (RAM) of the transmitted laser
(green) were measured by blocking all light signals from the photodiode, and by eliminating the
local oscillator signal from the photodiode respectively. As the level of white noise used ensured
that the transmitted noise was always above the dark noise even at maximum suppression, we
could accurately determine the suppression behavior of the ring resonator by measuring the ratio
of the noise between the incident and transmitted signals. The result of this calculation is shown
on Fig. 3(c) (blue) along with the expected noise suppression derived from Eq. 2 using the
ring resonator parameters we have determined previously (red). We removed the confounding
effects of RAM by subtracting it (in quadrature) from the transmitted noise signal. The maximum
suppression is seen to be 25 dB at 30MHz, the point midway between the resonant modes.
4. Discussion
Given the promising results achieved above it is worth considering some of the limitations of
such technology.
Firstly, the major power limitation for a fiber-based ring resonator is Stimulated Brillouin
Scattering (SBS). The threshold power for SBS can be calculated as approximately 1.2W for
the optical fiber in this ring resonator [28], which with F = 22 corresponds to an input power
limit of approximately 150mW. A number of techniques have been developed to suppress SBS in
optical fibers in the pursuit of high power single frequency laser amplification. One common
method for reducing effective SBS gain is to use a thermal gradient along the fiber to create a
spatially varying Stokes shift, resulting in inhomogeneous broadening [29,30]. SBS can also be
mitigated by reducing the overlap of sound waves and circulating light fields by using specially
tailored fibers [31]. Another approach is to use fibers with larger mode field diameters [32], with
one specially designed large-core single-mode fibre demonstrating the ability to transmit 500W
of single-frequency light [33]. With this level of circulating power, a fiber ring resonator with
the specifications determined above would be able to produce approximately 50W of power
at its output, enough to seed the high power oscillator stage of the current advanced Laser
Interferometer Gravitational-wave Observatory (aLIGO) [34].
A second issue that must be considered is that a fiber resonator, like all resonators, will
still transmit noise at integer multiples of the FSR. However, most experiments only require
suppression at key measurement frequencies. For instance, in the aLIGO detector the three RF
sideband frequencies that are used to generate error signals for controlling the auxiliary degrees
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of freedom, and where noise suppression is important, are 9, 36 and 45MHz [35]. This can be
achieved by chaining two fiber ring resonators together, as shown in Fig. 4(a), as a resonator with
an FSR of 18 MHz will maximally suppress noise at both 9 and 45MHz (Fig. 4(b)(i)). As can be
seen from Fig. 4(b)(iii) we can achieve at least 27 dB of suppression for 36MHz and up to 50 dB
suppression at 45MHz with over 60% of the resonant light transmitted. These levels of targeted
filtering compare favourably with the current aLIGO mode-cleaner (with a finesse of 500 and
FSR of 9MHz [35]), producing 50 dB of suppression at 4.5MHz, and would allow the finesse
of this final mode-cleaner to be lowered for future designs, with a corresponding decrease in
maximum circulating power.
tailored fibers [34]. Another approach is to use fibers with larger mode field diameters [35], with
one specially designed large-core single-mode fibre demonstrating the ability to transmit 500W
of single-frequency light [36]. With this level of circulating power, a fiber ring resonator with
the specifications determined above would be able to produce approximately 50W of power
at its output, enough to seed the high power oscillator stage of the current advanced Laser
Interferometer Gravitational-wave Observatory (aLIGO) [37].
A second issue that must be considered is that a fiber resonator, like all resonators, will


























































Fig. 4. (a) Chaining arrangement required to suppress noise at key GW detection frequencies
using two fibre ring resonators with free-spectral ranges of (i) 18MHz and (ii) 72MHz.
Percentages show amount of the input light at each point in the chain. (b) Calculated
suppression through ring resonators (i) and (ii), as well as (iii) the total suppression for the
system. Colored bands show key GW control frequencies with corresponding amount of
suppression.
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A third issue to consider is the stability of this type of ring resonator. The fiber resonator
will be sensitive to changes in temperature which, in turn, affects the optical path length with an
expected shift of approximately 8 fringes per degree [36]. As the temperature of this type of
resonator can be readily kept stable to the 10mK level we would expect a drift from resonance
frequency of order 5MHz, corresponding to a drop in transmitted power of 95%. Adding active
stabilisation with a piezo-electric transducer [37] would be able to compensate for this effect,
with a change in resonator length of under a micron required to return it to resonance [38]. The
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available reflection port of the 2 DC fiber ring resonator presented here makes this a convenient
option.
Finally, we must consider the achievable finesse from this type of ring resonator due to
intra-cavity losses associated with the imperfections of the DCs used. We note that while the
commercial DCs used here had a loss of over 1%, custom DCs have demonstrated losses down
to 0.1% [20], which would provide a significant positive impact on both the transmission and
finesse. Figure 5(a) shows the effect that reducing the loss has on the maximum transmission
through the ring resonator as a function of reflectivity of the DCs using Eq. 2. This shows
that reducing the loss from 1% to 0.1% would increase maximum transmission to over 98%
assuming negligible splice loss. Even with a splice loss equal to or slightly greater than the
lowest DC loss, nearly 95% of the light will be transmitted. Reducing the losses within the
ring resonator also allows for higher reflectivity DCs to be used without significant reductions
in maximum transmission, leading to an increase in finesse and a corresponding increase in
the maximum suppression possible (Fig. 5(b)). With these improved characteristics, fiber ring
resonators could find additional applications in quantum optics experiments, for instance for
the combination or separation of optical fields with similar wavelengths [39]. Incorporating a
waveguide-based source of squeezing [40] would also allow for the creation of a new type of
fiber-optical parametric oscillator for use in fiber-based quantum information networks. As is
the case with classical signals, high circulating power could lead to undesirable effects such as
increased phase noise via Brillouin [41] and Raman [42] scattering.
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Fig. 5. (a) Simulated ring resonator peak transmission and (b) finesse (solid lines) and
maximum suppression (dashed line) as a function of DC reflectivity for a number of different
DC loss values. Arrows indicate corresponding axes.
Fig. 5. (a) Simulated ring resonator peak transmission and (b) finesse (solid lines) and
maximum suppression (dashed line) as a function of DC reflectivity for a number of different
DC loss values. Arrows indicate corresponding axes.
5. Conclusion
In conclusion, we have characterized an all-fiber ring resonator by splicing the end ports of two
commercially-available, polarization-maintaining, single-mode, optical fiber directional couplers
to form a loop. This type of ring resonator, with 80% transmission and noise suppression of
25 dB is ideal for rugged, robust and compact all-fiber MOPA systems that can deliver high
power, low noise output signals. By decreasing the effects of stimulated Brillouin scattering, this
ring resonator could provide an all-fiber alternative to the low-power amplifier stage of current
gravitational-wave interferometers, and reduce the noise suppression requirements of the final
free-space mode-cleaner.
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